Enhanced Electron-Phonon Coupling and its Irrelevance to High T c Superconductivity 
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It is argued that the origin of the buckling of the Cu02 planes in certain cuprates as well as the 
strong electron-phonon coupling of the Bi g phonon is due to the electric field across the planes 
induced by atoms with different valence above and below. The magnitude of the electric field is 
deduced from new Raman results on YP^CuaOe+i and BiaS^Cai-asYsJCuaOs with different O 
and Y doping, respectively. In the latter case it is shown that the symmetry breaking by replacing 
Ca partially by Y enhances the coupling by an order of magnitude, while the superconducting T c 
drops to about two third of its original value. 



PACS numbers: 74.72.-h, 63.20.Kr, 78.30.-j, 71.10. 
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Recently there have been several suggestions Q that 
out of plane oxygen vibrations of the Cu02 plane may 
play an important role in mediating superconducting 
pairing in certain high temperature superconductors. It 
is also known that the presence of buckling (when the 
oxygen atoms are placed outside of the plane of the cop- 
per atoms) correlates with a strong interaction of a par- 
ticular out-of-phase c-axis vibration (the so-called B\ g 
phonon) with planar quasiparticles 0. As such, consid- 
erable attention has been focused on the strong inter- 
action of electrons with this particular phonon and its 
connection to phonon- mediated d x 2_ y 2 superconductiv- 
i'.v 0.0. 

The present paper provides the first direct experimen- 
tal evidence to support that the buckling and consequent 
large value of the electron- phonon interaction are indeed 
correlated as a result of a local crystal electric field sur- 
rounding the vibrating atoms. Using the above ideas 
in conjunction with a three band model for the electron 
system, the strength of the electron phonon coupling and 
consequently the value of the electric field perpendicular 
to the plane can be determined by fitting the Fano in- 
terference in the B\ g Raman spectra. We find that even 
though the electron-phonon coupling can be engineered 
in different materials to increase by an order of magni- 
tude, the effect has essentially no correlation with T c of 
the material. Therefore we argue that the B\ g phonon is 
irrelevant to superconductivity in the cuprates. 

Raman scattering data are presented in the normal 
state for different doping levels of YBa 2 Cu306+2; (Y- 
123) and Bi 2 Sr 2 CaCu 2 8 (Bi-2212). Experimentally the 
electron-phonon coupling can be determined from the 
line shape of the B\ g Raman phonon for both Y-123 
where the surroundings of the Cu0 2 plane is highly asym- 



metric and Bi-2212 where the plane is placed in a more 
symmetrical environment with respect to the charges of 
the nearby atoms. 

The resulting electron-phonon coupling is then used 
to interpret the Fano interference in the Raman spectra 
of Y-123, where the light is scattered by both the B\ g 
phonon and the electronic charge fluctuation in the plane 
described above. 

However, for Bi-2212 the B\ g phonon has an almost 
Lorentzian line shape indicating the lack of any substan- 
tial coupling between that phonon and the charge trans- 
fer between the two oxygens in accordance with the ab- 
sence of a significant electric field. This striking differ- 
ence in the data taken on these two groups of materials 
can be considered as strong evidence in favor of the lin- 
ear (involving one phonon) electron-phonon coupling due 
to the electric field. In order to complete this argument, 
the data for a Bi-2212 sample with the calcium partially 
(38%) substituted by yttrium are presented, where the 
doping most likely breaks locally the reflection symme- 
try through the Cu0 2 plane, thereby making this mate- 
rial similar to the asymmetrical ones. 

Finally, the value obtained for the electron-phonon 
coupling is in excellent agreement with the value cal- 
culated using the electric field value determined by the 
experimentally observed buckling and the restoring 
force calculated from the frequency of the A\ g phonon. 
The change in the doping is essential in light of the close- 
ness of the Fermi level to a van Hove singularity in the 
density of states. 

Much of the development of the crystal field model 
was given in Ref. Q. However, the electronic dispersion 
is now calculated for a three band model including direct 
O — O hopping t' as well as Cu — O hopping t || . As 



1 



(a) B, 



Ba 



(b) A, 





c 







FIG. 1. The unit cell of the Cu02 plane shown with the 
atomic displacements corresponding to the Bi g (a) and A\ g 
(b) phonons. The electric field E perpendicular to the planes 
is due to the asymmetric environment (Ba 2+ above, Y 3+ be- 
low), and causes a static deformation of the A\ g type, usually 
referred to as buckling, ip and the double arrows denote the 
charge transfer which accompanies the lattice vibration. 

in Ref. we consider only a reduced one band model 
appropriate for near half filling and take only the up- 
per band into account. The electron - phonon reduced 



Hamiltonian for the B 
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phonon was given as 
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where a annihilates an electron of spin a and momen- 
tum k, and creates a B\ g phonon mode of wavevector 
q = 0. The coupling constant g(k) of the B\ g mode to 
an electron with momentum k was evaluated in Ref. |t]] 
and is given by 



g(k) = eE, 
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where M is the oxygen mass, lob 1 is the phonon fre- 
quency, and E is the z- component of the electric crystal 
field at both the 0(2) and 0(3) sites. The functions <\> XtV 
are the amplitudes of the O— orbitals in the wave func- 
tions from the three band model ||. 

In Ref. a generalized form of the Breit-Wigner or 
Fano lineshape describing the interaction of a discrete 
excitation (phonon) with an electronic continuum was 
given in terms of the channel dependent electronic sus- 
ceptibility x\ (s) , the electron-phonon coupling constant, 
the effective photon-phonon coupling constant g p - p , and 
the intrinsic damping T\ of the phonon lineshape due to 
e.g. an anharmonic lattice potential. The expression for 
the full Raman response measured in channel A was given 
as 

(u + UJ a f 



Xa,/«m( w ) 



x 7aX» 



( W 2_ ( i2 ) 2 + [ 2 WA r A ( w )]S 

(^-^ a ) 2 + 4r A r A H ( ■ 



^A 



[1 + AH//?] 2 



(3) 



The parameters are chosen to model the background 
spectrum seen of the normal state measured via Raman 
scattering. Then the remaining parameters are chosen 
to fit the Fano profile. Specifically, the effect of the 
parameters is as follows: the photon-phonon coupling 
constant g p - p determines the position of the antireso- 
nance uj a of the Fano profile, the electron-phonon cou- 
pling constant g determines the asymmetry of the line- 
shape around the phonon position tj, which differs from 
its position to in the absence of electron-phonon coupling, 
and the photon-electron coupling constant 7 determines 
the overall strength of the background continuum under 
the phonon measured via Raman scattering Q. Here 
7s lg is the projected part of the electron-photon vertex 
7(k) which possesses B lg symmetry. g 2 B ^ is the average 
of the coupling | g(k) | 2 over the Fermi surface including 
the electron density for the two spins at a temperature 
T. We can now evaluate the Fano lineshape as a function 
of doping. 

Before a comparison of the theoretical predictions with 
the data is made a few experimental details are given 
and the results are summarized. The Raman experi- 
ments were performed in back-scattering geometry, with 
the resolution set at 8 cm -1 being completely sufficient 
for the observation of the changes. The coordinate sys- 
tem is locked to the Cu — O bonds with x = [100], x' 
= [110], etc. All symmetries refer to a tetragonal point 
group. The B\ g phonon and continuum are projected out 
with x'y' polarization. The samples we used were of su- 
perior quality which manifests itself in a small transition 
width to the superconducting state and a large inten- 
sity ratio Iphonon to Icontinuum- Y-123 in particular was 
prepared in BaZrC>3 resulting in an unprecedented pu- 
rity of 99.995% G3]. More details of the samples will be 
described in another publication. 

Results obtained at B\ g symmetry for Y-123 are plot- 
ted in Fig. 2 (a)-(c). All spectra are divided by the 
Bose-Einstein thermal function in order to get the re- 
sponse x'xjull as described in Eq. (J3J) . As a result of 
doping the shape of the B\ g phonon at approximately 330 
cm -1 changes considerably. At low doping it is narrow 
and close to a Lorentzian. When carriers are added the 
line broadens and becomes more asymmetric exhibiting a 
Fano- type dependence on frequency. Iphonon/ 1 continuum 
decreases since the B\ g continuum gains intensity [ pr| . 
Excellent fits to the data on optimally-doped Y-123 in 
both the superconducting and normal states were given 
in R|, which, when interpreted, supported evidence for 
d a; 2_j / 2-pairing in this material. We now extend these 
results by examining fits to the normal state data of dif- 
ferent samples and dopings. We find that once again 
excellent fits to the data can be obtained (Fig. 2). The 
respective fitting parameters for \x ( see |§) are given in 
Table I. 

We now can make a comparison to the crystal field 
model predictions for the electron-phonon coupling con- 
stant. We see from the fits that for Y-123 the coupling 
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FIG. 2. Comparison of the theory from the crystal field model to the Bi g Raman results on (from left to right) un- 
der-doped, optimally-doped, over-doped Yl^CuaOs+i, respectively, and optimally-doped (second panel from right) and 
Y— doped Bi2Sr2(Cai_ :E Y :E )Cu208+i (right panel), respectively, and the scales for each are arbitrary. The parameters used are 
listed in Table I. 



increases up to a factor of two with increasing doping. 
This can be understood in part by an increase in the 
density of states at the Fermi level with an increase in 
oxygen doping as the van Hove singularity moves closer 
to the Fermi level. Our calculations yield the following 
values for A as a function of filling factor < n >: for 
< n >= 0.875, A = 0.0321, for < n >= 0.85, A = 0.0382, 
and for < n >= 0.8, A = 0.0482 g. Here we have 
taken T = 100K,t = 1.6eV, t'/t = 0.35, the difference 
of Cu and O site energies e = \eV^B x — 348cm -1 , 
M = 16mp, where nip is the proton mass, and used a 
value of the electric field which is 1.3V/ A We ob- 

serve that these values of A are quite close to the values 
used to obtain the fits in Fig. 2. Given the assumption 
that the hopping and site energy parameters are in- 
dependent of doping, the agreement is quite good. The 
agreement could be refined once parameter choices for 
various levels of doping are determined via, e.g., fitting 
to experimentally observed Fermi surfaces. 

In Bi-2212 (Fig. 2 (d)) the B\ g phonon line is much 
weaker while the continuum has roughly the same cross 
section as comparable Y-123 (Fig. 2 (b)). The big- 
ger line width comes at least in part from inhomoge- 
neous broadening as Bi-2212 single crystals cannot be 
synthesized stoichiometrically in equilibrium |12|. The 
electron-phonon coupling for Bi-2212 obtained from the 
fit is more than one order of magnitude smaller than for 
any of the Y-123 compounds and as a result the weight of 
the phonon is also reduced by at least the same amount. 
Indeed, in our model we would expect that the electron- 
phonon coupling is significantly smaller since the crystal 
electric field must be much weaker (the charges above 
and below the planes are not so drastically different as in 
Y-123) in this compound. We attribute then the small 
electron-phonon coupling to a much smaller local asym- 
metry and also to local inhomogcncitics which manifest 
themselves in the larger linewidth of the phonon. A 
weaker spontaneous symmetry breaking is also possible. 

Inhomogeneities can be introduced in a controlled way 



by replacing the Ca with (Cao.62Yo.3s) in Bi-2212. It is 
expected that significant parts of the Cu02 planes expe- 
rience a stronger local field loosing the reflection symme- 
try through that plane. Most likely, the Y replaces big 
regions of the Ca planes, just like in Y-123 where upon 
oxygen doping of the chains some of the chains are more 
doped than the others fll3f . 

To test this idea we look at the measurements of Bi- 
2212 which has been doped with Y in place of Ca. When 

Y is doped in for Ca the line gains intensity and shifts 
by 15-20 cm -1 (Fig. 2 (e)). A reminder of the line found 
in Y-free crystals is still seen as a shoulder on the left- 
hand side of the new line. Since here the valence of the 

Y (+3) is different from that of Ca (+2), once again the 
mirror plane symmetry is broken and we would expect 
a much larger electron-phonon coupling than in the un- 
doped compound. The fit to the B\ g data using Eq. (||) 
is given in Fig. (2e). The coupling constant (see Table I.) 
is indeed increased over that of the undoped compound 
when Y is introduced, and in accordance the intensity 
of the phonon line is also essentially enhanced. The fact 
that the Fano effect increases gives strong support for 
the crystal field coupling model as the driving source of 
electron-phonon coupling. 

The electric field E perpendicular to the Cu02 plane 
results in an Ai s -type static distortion of the plane since 
the charges of oxygen and copper are different. For an 
estimation of the buckling || , a simplified model is suf- 
ficient H where Cu is pinned rigidly to the elementary 
cell, and the oxygen moves in a harmonic potential be- 
ing characterized by the frequency of the A± g phonon 
at u)A lg = 435 cm -1 Jjij . The restoring force at the 
buckling amplitude Az must balance the electric force 
acting on the oxygen with charge q = — 1.75e. Thus, 
qE = Muj 2 Ai Az must hold. With the experimental value 

Az = 0.24A |5), E = 1.53F/A is obtained which is close 
both to the l.ZV/A used for estimating the electron- 
phonon coupling strength and to the theoretically cal- 
culated number lEal. On the other hand, in the case 
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TABLE I. Summary of fitting parameters used in Fig. (2). 
All quantities except a, A, and the scale factor (dimensionless) 
are given in units of cm -1 . Also tu c = 12,000 cm" 1 and 
— 3.3 have been used. A scale factor was multiplied to Eq. 
(^) to account for the overall magnitude of the cross section. 
Since the experimentally determined response is in arbitrary 
units, this has no affect on the conclusions. 



of C11O2 planes in a more symmetrical environment as 
in Bi-2212 and the infinite-layer compound CaCuC>2 the 
buckling, if it exists at all, is at least an order of magni- 
tude smaller as found in structural studies Jig ]. 

In summary, studying Y-123 with different doping lev- 
els we have shown that the electric field across the CuC>2 
planes is sufficiently strong to produce both the observed 
buckling and the strong electron-phonon coupling for the 
Fano line shape. In order to check this idea experiments 
were performed on Bi-2212 with and without Y doping. 
While the sample without Y shows very weak electron- 
phonon coupling, the interaction is enhanced by an order 
of magnitude and becomes comparable to the one in Y- 
123 if the local reflection symmetry is broken more sub- 
stantially by replacing part of the Ca by Y. As doping 
Bi-2212 with Y results in a change of T c from T c = 91.52? 
to T c = 57K along with a large increase of the coupling 
A, the Big phonon can not play an important role for 
the superconductivity, in agreement with the conclusion 
of Savrasov and Andersen H . 
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